A two-component regulatory system controls the expression of resistance genes in VanA-and VanB-type strains (2, 14). The system comprises genes that encode response regulators (VanR and VanR B ) and histidine kinase proteins (VanS and VanS B ) (7, 40). The C-terminal kinase domain of VanS undergoes autophosphorylation on a histidine residue in the presence of ATP and transfers the phosphate group to VanR (40). Phospho-VanR (P-VanR and P-VanR B ) activate transcription of the resistance genes and of their own genes after binding to promoter regions upstream from the resistance (P vanH ) and regulatory (P vanR ) genes (20). A similar gene cluster has been described in VanD-type strains (13). We describe here the gene cluster responsible for vancomycin resistance in E. gallinarum BM4174. The cluster comprised five genes: three were necessary and sufficient for resistance (vanC-1, vanXY C , and vanT) and the remaining two (vanR C and vanS C ) encoded a two-component regulatory system.
High-level resistance to glycopeptides in enterococci results from the synthesis of peptidoglycan precursors ending in Dlactate (D-Lac) (VanA, VanB, and VanD types) (4, 31) and the elimination of high-affinity D-alanine (D-Ala)-ending precursors synthesized by the host (5, 33) . Low-level resistance to vancomycin is found in strains belonging to the VanC and VanE types which incorporate D-Ser into the C-terminal position of UDP-muramyl pentapeptide (9, 17, 34) . In strains with VanA, VanB, or VanD phenotypes, synthesis of D-Ala-D-Lac requires the presence of a ligase of altered specificity (11) and a dehydrogenase that reduces pyruvate to D-Lac (6) . In VanCtype strains, ligase genes (vanC-1, vanC-2, and vanC-3) (15, 26) that encode proteins necessary for the synthesis of D-Ala-D-Ser have been characterized (29) . Synthesis of D-Ser is carried out by a pyridoxal phosphate-dependent and membrane-bound serine racemase (VanT) (2) .
Hydrolysis of precursors (ending in D-Ala) synthesized by the host prevents the interaction of the glycopeptide molecule with its target (35) A two-component regulatory system controls the expression of resistance genes in VanA-and VanB-type strains (2, 14) . The system comprises genes that encode response regulators (VanR and VanR B ) and histidine kinase proteins (VanS and VanS B ) (7, 40) . The C-terminal kinase domain of VanS undergoes autophosphorylation on a histidine residue in the presence of ATP and transfers the phosphate group to VanR (40) . Phospho-VanR (P-VanR and P-VanR B ) activate transcription of the resistance genes and of their own genes after binding to promoter regions upstream from the resistance (P vanH ) and regulatory (P vanR ) genes (20) . A similar gene cluster has been described in VanD-type strains (13) . We describe here the gene cluster responsible for vancomycin resistance in E. gallinarum BM4174. The cluster comprised five genes: three were necessary and sufficient for resistance (vanC-1, vanXY C , and vanT) and the remaining two (vanR C and vanS C ) encoded a two-component regulatory system.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids used in this work are described in Table 1 and Fig. 1 . Enterococci were grown in brain-heart-yeast extract (BHY) (Difco Laboratories, Detroit, Mich.) broth or on BHY agar. Gentamicin (Sigma, Steinheim, Germany), 150 g/ml, was added to the medium for Enterococcus faecalis JH2-2 containing derivatives of plasmid pAT392 (5), and spectinomycin (Duchefa, Haarlem, The Netherlands), 480 g/ml, was added for E. gallinarum BM4174 containing plasmid derivatives of pAT78 (3) . Vancomycin (4 g/ml) was added to the medium to test for induction of D,D-dipeptidase activity in E. gallinarum BM4174. Escherichia coli XL1-Blue (12) was grown in Luria-Bertani (Difco) broth or agar containing 100 g of ampicillin per ml when derivatives of pUC18 (27) were present, gentamicin (8 g/ml) when containing derivatives of pAT392 (5), or spectinomycin (60 g/ml) when containing derivatives of pAT78 (3) . Restriction profiles of pAT392 and pAT78 derivatives from enterococci and from E. coli were compared to screen for any DNA rearrangement. MICs of vancomycin and chloramphenicol for E. faecalis JH2-2 and E. gallinarum BM4174 were determined by using twofold dilutions of the antibiotic in BHY broth with an inoculum of 10 6 cells per ml and after 48 h of incubation at 37°C.
DNA manipulations. E. gallinarum BM4174 total DNA was extracted as described earlier (32) . Cloning, digestion with restriction endonucleases (Boehringer-Mannheim, Mannheim, Germany), isolation of plasmid DNA (Wizard Plus SV Minipreps; Promega), ligation, and transformation were carried out by standard methods (38) . Plasmid constructs based on pAT392 (5) and pAT78 (3) were purified from E. coli and electroporated into E. faecalis JH2-2 and E. gallinarum BM4174, respectively, as described elsewhere (14) .
Cloning and sequencing of the vanR C and vanS C genes. The sequences of the vanR C gene and the 5Ј end of the vanS C gene were obtained from plasmid pCA1 (2) . The remaining portion of the vanS C gene was obtained by inverse PCR (28) after digestion of chromosomal DNA with HindIII. A digoxigenin (BoehringerMannheim)-labeled probe from the 5Ј end of the vanS C gene hybridized (41) to a 3.6-kb HindIII fragment of chromosomal DNA. Total DNA was then digested with HindIII and self-ligated at 16°C for 16 h at a concentration of 10 g/ml. The inverse PCR with Pwo polymerase (Boehringer-Mannheim) was performed with primers A and B (Table 2 and Fig. 1 ). The PCR product obtained had the expected size of 2.5 kb based on the size of the HindIII fragment and the oligonucleotides used as primers. This product was used in the construction of pCA8.
Cloning of DNA upstream from the vanC-1 gene. Cloning of DNA upstream from the vanC-1 gene (15) was performed by inverse PCR (28) . In brief, a digoxigenin-labeled probe from the 5Ј end of vanC-1 hybridized (41) to a 1.8-kb PvuI fragment. Chromosomal DNA was digested with PvuI and self-ligated as described above. PCR with Pwo polymerase was performed with primers C and D (Table 2 and Fig. 1 ). The PCR product obtained was of the expected size of 1.4 kb. The fragment was used in the construction of pCA9.
Plasmid construction. Plasmid pCA1 has been described (2) . For construction of plasmids pCA8 and pCA9, the 2.5-and 1.4-kb SacI-XbaI inverse PCR products were purified with a commercial kit (QIAquick Gel Purification Kit; Qiagen), digested with SacI and XbaI, and ligated with pUC18 DNA digested with the same enzymes: the insert in plasmid pCA8 contained DNA downstream from the extreme 5Ј end of vanS C , and the region upstream from vanC-1 was present in plasmid pCA9 (Table 1) . Plasmid pCA10 was constructed by cloning a PCR product containing the vanC-1, vanXY C , and vanT genes obtained after amplification of E. gallinarum BM4174 chromosomal DNA with primers E and F ( Table 2 ). The product was digested with SacI and XbaI, purified, and cloned, under the control of the P 2 promoter to allow constitutive expression of the gene products, into pAT392 (5) digested with the same enzymes. For construction of plasmid pCA11, DNA containing the orf1-vanC-1 intergenic region and the 3Ј and 5Ј ends of orf1 and vanC-1, respectively ( Fig. 1 ), was amplified (using Pwo polymerase) with primers G and H (Table 2) Fig. 3 ), was digested with BamHI and SalI and ligated to pAT78 DNA (3) digested with the same enzymes. Similarly, a DNA fragment from E. gallinarum BM4174 containing the vanT-vanR C intergenic region and the 3Ј and 5Ј ends of vanT and vanR C , respectively ( Fig. 1) , was amplified using primers I and J ( Table 2 ). The 473-bp PCR fragment was digested with BamHI and SalI, purified, and ligated with pAT78 DNA (3) digested with the same enzymes to obtain plasmid pCA12. The cloning was designed to position both fragments upstream from the promoterless chloramphenicol acetyltransferase (CAT) gene cat in pAT78 (3) . DNA sequence and accession numbers. Sequencing of the inserts in pCA8 and pCA9 (two independent clones of each) was performed by the dideoxy chain terminator method (39) using fluorescent cycle sequencing with dye-labeled terminators (ABI Prism TM Dye Terminator Cycle Sequencing Ready Reaction Kit; Perkin-Elmer) on a 373A automated DNA sequencer (Perkin-Elmer). The nucleotide sequences have been deposited in GenBank (accession number AF162694).
Extraction and analysis of peptidoglycan precursors from E. faecalis JH2-2/ pCA10 (vanC-1 vanXY C vanT). Extraction and analysis of peptidoglycan precursors were performed as described elsewhere (34) . In brief, enterococci were grown in BHY medium supplemented with D-Ser or L-Ser or in the absence of any supplement. Ramoplanin was added to inhibit peptidoglycan synthesis and incubation continued for 15 min to cause accumulation of peptidoglycan precursors. Bacteria were harvested, and cytoplasmic precursors were extracted and analyzed by high-performance liquid chromatography (HPLC).
D,D-Dipeptidase and CAT activities. D,D-Dipeptidase activity was measured in cytoplasmic extracts of E. gallinarum BM4174 grown in the presence or absence of vancomycin (4 g/ml). The amount of D-Ala released from D-Ala-D-Ala was determined using a D-amino acid oxidase assay coupled to peroxidase (24) . For CAT activity, E. gallinarum BM4174 and the same strain containing pAT78, pCA11, or pCA12 were grown to an optical density of 0.8 at 600 nm in BHY medium supplemented with spectinomycin (480 g/ml) to prevent the loss of pAT78 and derivatives. The cells were lysed with lysozyme and M1 muramidase as described earlier (2) . Cytoplasmic extracts obtained after centrifugation at 40,000 ϫ g for 20 min were tested for the formation of 5-thio-2-nitrobenzoate at 37°C in the presence or absence of chloramphenicol in 5 mM phosphate buffer (pH 7.2) (3). Protein concentrations were determined according to the method of Bradford (10) with bovine serum albumin as a standard.
RESULTS AND DISCUSSION
Nucleotide sequences of the vanR C and vanS C genes. The sequences of the vanR C and vanS C genes (Fig. 2) were obtained by sequencing on both strands the inserts of plasmids pCA1 (2) and pCA8. vanR extended from nucleotides 143 to 838. The proposed initiation codon was preceded by a sequence (5Ј-TAGGTGGAGT N 8 ATG) with similarity to ribosome binding sites (RBS) of gram-positive bacteria (25) (TTG at positions 846 and 861) were also not preceded by obvious RBS. The organization of vanR C -vanS C is similar to that described for vanR-vanS in VanA-type strains, including the overlap of the two genes, the TTG start codon and no obvious RBS preceding the start of the vanS gene (3). Moreover, although the genes encoding the putative regulatory proteins were found downstream from the resistance genes it is likely that they are involved in the regulation of the vancomy- Amino acid sequence comparisons of VanR C and VanS C . The highest score of a BLAST (1) search of the OWL protein sequence database was obtained with VanR from E. faecium BM4147 (3): VanR C had the same number of amino acid residues (231 residues) as VanR and displayed 50% identity (3) . The protein with the next highest degree of identity was the GtcR putative response regulator from Bacillus brevis (43) (41% identity over 229 amino acids). VanR C exhibited only 33% identity with VanR B (16) . The conserved lysine and aspartate residues typical of response regulators (42) of twocomponent regulatory systems were also present in VanR C (Lys102, Asp10, and Asp53) (Fig. 3) . The high degree of identity between VanR C and VanR suggests an evolutionary relatedness. VanS C had 40% identity with VanS over a region of 308 amino acids (highest BLAST score) and 24% with VanS B over a region of 285 amino acids. The highest degree of identity between VanS C , VanS, and VanS B was found in the Cterminal region. VanS C contained the five conserved motifs characteristic of transmitter modules of histidine protein kinases (Fig. 4) (19) . A hydrophobicity plot (23) of the N-terminal domain of VanS C indicated two clusters of hydrophobic amino acids that may correspond to transmembrane regions (Fig. 2) , as in the sensor domains of VanS and VanS B (7) . The structural homology of VanR C and VanS C with proteins of the two-component regulatory systems in VanA-type strains further supports the fact that a similar signal-transducing system controlling the expression of proteins involved in vancomycin resistance is likely to be present in E. gallinarum BM4174.
Nucleotide sequence upstream from vanC-1. The sequence upstream from vanC-1 revealed an ORF with a proposed initiation codon preceded by a putative RBS. The 810-bp sequence from position 94 to 903 (Fig. 5) encoded a putative 269-amino-acid protein (M r , 29,718) that was designated ORF1. The intergenic region between orf1 and the start of vanC-1 contained 348 bp (Fig. 5) . ORF1 had homology (32 to 35% identity over 215 to 226 amino acids) to ATP-binding transporter proteins (ABC transporters) from different organisms (PotG from Rickettsia prowazekii, NrtC from Oscillatoriacean cyanobacterium, and PotA from Haemophilus influenzae). This type of protein has not previously been associated with glycopeptide resistance and was not necessary for vancomycin resistance in E. gallinarum BM4174 (see below): therefore, ORF1 is unlikely to be part of the vanC gene cluster.
Constitutive synthesis of D,D-dipeptidase in E. gallinarum BM4174. The presence of genes encoding a two-component regulatory system, adjacent to the resistance genes, prompted us to study the influence of vancomycin on the expression of the resistance genes. D,D-Dipeptidase activity, used as a reporter, was not increased after growth in the presence of vancomycin, indicating that the antibiotic did not have an upregulating effect on expression of the resistance genes (Table 3) and that vancomycin resistance was expressed constitutively in BM4174. However, strains of E. gallinarum that exhibit inducible expression of resistance have also been described (37) . We have characterized 15 strains of vancomycin-resistant E. gallinarum which express the resistance phenotype either constitutively (seven strains) or inducibly (eight strains); using PCR we were able to identify and sequence the vanR C -vanS C genes in all isolates. Additionally, in all strains, the genes were detected downstream from vanT as in E. gallinarum BM4174 (C. A. Arias, D. Panesso, and P. E. Reynolds, unpublished data). These findings indicate that the vanR C and vanS C genes are most likely to play a role in the regulation of the resistance genes. Mutations in the H box of the histidine kinase domain of VanS B have been shown to convert an inducible to a constitutive glycopeptide resistance phenotype (5, 6, 44) . Align- (Fig. 4) indicated that these mutations were not present in VanS C . In vivo characterization of VanS B in E. coli has shown that VanS B functioned only as a phosphatase with no kinase activity (38) . If VanS C in E. gallinarum BM4174 were to function in a similar way as VanS or VanS B a constitutive phenotype could result from a protein that had kinase but no phosphatase activity or was lacking both activities. A functional analysis of the VanR C -VanS C two-component regulatory system in E. gallinarum is currently in progress to clarify this issue.
trans-activation of transcription of cat. Plasmids pCA11 and pCA12 ( Fig. 1) contained, respectively, the orf1-vanC-1 intergenic region (including the 3Ј end of orf1 and the 5Ј end of vanC-1) and the vanT-vanR C intergenic region (including the 3Ј end of vanT and the 5Ј end of vanR C ) cloned upstream from the promoterless cat gene of pAT78 (3) . Both plasmids increased the MIC of chloramphenicol against E. gallinarum BM4174 eightfold, and the CAT activity was increased ca. 50-fold relative to the strain harboring pAT78 only (Table 3 ). These data indicated that DNA regions upstream from both the vanC-1 and vanR C genes could function as promoters and allowed trans-activation of cat transcription.
Genes necessary for vancomycin resistance in E. gallinarum BM4174. Plasmid pCA10 was obtained by cloning into pAT392 a fragment containing the vanC-1, vanXY C , and vanT genes to allow constitutive expression of the genes under the control of the P 2 promoter (5). Electroporation of pCA10 DNA into E. faecalis JH2-2 led to a fourfold increase in the vancomycin MIC (Table 3) (40 and 38%, respectively) , although it had no effect on the level of resistance to vancomycin (Table 4 ). The stop codons of vanC-1 and vanXY C overlap the initiation codons of vanXY C and vanT, respectively (2, 36) , suggesting that translational coupling may play a role in expression of the resistance proteins. The data also confirm that the metabolic pathway for the synthesis of UDP-MurNAcpentapeptide [Ser] in E. gallinarum BM4174 involves racemization of L-serine by VanT (a membrane-bound serine racemase) (2), followed by synthesis of D-Ala-D-Ser (29) We thank M. Arthur for helpful discussions and J. Lester and C. Hill, Cambridge Center for Molecular Recognition, for DNA sequencing and synthesis of oligonucleotides, respectively.
